As a dangerous factor in vertical root fracture, dentinal crack formation is often associated with root canal instruments. We conducted this meta-analysis to compare the influence of two types of nickel titanium (NiTi) instruments that have different movements (reciprocating single-file versus full-sequence rotary file systems) on dentinal cracks formation during root canal preparation. Searches were conducted in PubMed, ISI Web of Knowledge, Embase and Cochrane Library using a combination of keywords. Titles and abstracts of all articles were independently assessed by two reviewers in accordance with the predefined inclusion criteria. Relevant studies were acquired in full-text form. Data in these articles were independently extracted. A meta-analysis was conducted using Review Manager 5.3. The results showed that the WaveOne and Reciproc files with a reciprocating motion produced significantly fewer dentinal cracks than the conventional rotational ProTaper technique.
INTRODUCTION
The major purposes of chemomechanical root canal preparation are to preserve the original course of the canal and remove bacteria from the entire root canal system 1) . However, preparation procedures can result in root canal wall damage, such as microcracks, craze lines, or even fractures [2] [3] [4] . Many factors, such as occlusal prematurity, repetitive heavy chewing, and dental treatment procedures, may aggravate these microcracks, which can ultimately develop into vertical root fractures (VRF) 5, 6) . As one of the most dispiriting complications of endodontic treatment, VRF usually leads to treatment failure and tooth loss 7) . Various nickel-titanium (NiTi) instruments with different designs have been introduced. These instruments provide many advantages compared to conventional files, such as increased flexibility and shortened working time 8) . However, NiTi instruments are still associated with an inherent risk of instrument fracture and incidence of dentinal cracks 9, 10) . Different root canal shaping systems harm the root canal wall to various degrees 11, 12) . WaveOne (Dentsply Maillefer, Ballaigues, Switzerland) and Reciproc (VDW, Munich, Germany) are recently developed reciprocating single-file NiTi systems. They are recommended because of their ability to complete root canal preparation with only 1 file, thereby requiring less time than full-sequence rotaryfile systems 13) . These files are made of M-Wire, which is a special NiTi alloy created using an innovative thermal treatment process 14) . This special M-Wire alloy offers the benefit of increased flexibility 15, 16) . Their reciprocating movement with predetermined speed and rotating angles reportedly aid in relieving stress on the files and decreasing the risk of cyclic fatigue resulting from compression and tension [17] [18] [19] . Nevertheless, some researchers suspect that when root canals are shaped with only 1 instrument, more stress is exerted upon the root canal wall by the instrument during mechanical instrumentation than with canal instrumentation, such as traditional full-sequence rotary-file systems 20) . In recent years, several studies have been conducted to determine whether single-file systems with reciprocating motion are associated with increased dentinal crack formation resulting from intense stress compared to multiple full-sequence rotary-file systems (e.g., ProTaper Universal and Mtwo). To our knowledge, there is a lack of consistency in the results of in vitro and in vivo experiments. Several researchers reported that fullsequence rotary-file instruments induce fewer dentinal cracks than reciprocating single-file systems 21, 22) . However, others stated that there was no significant difference in dentinal crack formation between these two systems [23] [24] [25] . The results of some experiments even indicated that full-sequence rotary-file instruments were associated with more dentinal defects than reciprocating single-file systems [26] [27] [28] . To identify a more secure endodontic instrument with diminished dentinal defect generation, we conducted this study to compare the incidence of dentinal cracks during root canal shaping with reciprocating single-file instruments (Reciproc and WaveOne) and full-sequence rotary-file instruments (ProTaper Universal and Mtwo).
MATERIALS AND METHODS
The methodology of this study was based on the recommendations in the Cochrane Handbook for Systematic Reviews of Interventions 29) . Table 1 .
Search strategies
The final search was completed in June 2016. There was no restriction on language or publication date when searching the electronic databases.
Inclusion and exclusion criteria
Two reviewers examined the full texts of the remaining articles and established inclusion and exclusion criteria on the basis of the PICOS strategy. The inclusion criteria were as follows:
1. 4 . Evaluation of the crack initiation at levels other than 3, 6 and 9 mm from the apex 5. Evaluation of dentinal cracks after the root canal filling procedure 6. Retreatment 7. Unavailable data In our meta-analysis, if any lines, microcracks or fractures were detected in the dentinal slice, it was defined as a "slice with cracks". A dentinal slice devoid of any craze lines, microcracks or fractures on the external surface of the root or the internal surface of the root canal wall was defined as a "slice without cracks".
Study selection
Two reviewers separately examined all titles and abstracts. In addition, full articles were reviewed if necessary when the abstracts did not provide enough information to make a decision. If there was disagreement, data were excluded, unless further reasonable clarification was provided. Strict inclusion and exclusion criteria were applied for final selection.
Data extraction
Two reviewers independently obtained data from eligible studies after reading their full text. From the studies included, important information was extracted, such as the first author, publication year, country, risk of bias, comparison group, root curvature, number of tooth slices in each group, method used to detect dentinal cracks, working length, control group and irrigant type.
Quality assessment
Two reviewers independently completed the risk of bias assessment of the included studies using the Cochrane Collaboration's assessment of bias risk tool. If there were any inconsistencies, discussion occurred.
The assessment tool includes seven specific domains: 1. Sequence generation 2. Allocation concealment 3. Blinding of participants and personnel 4. Blinding of outcome assessment 5. Incomplete outcome data 6. Selective outcome reporting 7. Other bias Each domain was assessed as "low risk of bias", "unclear risk of bias", or "high risk of bias". These assessments were reported for each selected study in the "risk of bias" table. The overall risk of bias associated with each study was evaluated as follows:
• Low risk of bias: all domains were assessed as "low risk" • Moderate risk of bias: one or more domains were assessed as "unclear" • High risk of bias: one or more domains were assessed as "high risk" 
Statistical analysis
To complete this meta-analysis, the number of dentinal slices with cracks at all three levels (3, 6 and 9 mm) of every tooth after using the root canal instruments (ProTaper, Mtwo, WaveOne or Reciproc) in the included studies was documented.
The outcomes "slice with cracks" or "slice without cracks" were recorded as dichotomous data in accordance with the criteria of each study. For each selected study, risk ratios (RRs) along with 95% confidence intervals (CIs) were pooled to evaluate the effect of the interventions. The heterogeneity of the 31) 2014 Data was described as histogram.
Incidence of dental defect is less with instruments working in reciprocating motion compared with those working in continuous rotation.
Liu et al. 32) 2013
The data was recorded in unit of teeth, instead of in dental slice. Reciproc files caused less cracks than the ProTaper.
Jalali et al. 33) 2015
The data was recorded in unit of teeth, instead of in dental slice.
Both Mtwo and ProTaper showed more cracks than Reciproc.
Arias et al. 34) 2014
In situ investigation experiment on lower incisors from adult human cadaver skulls Do not have ProTaper or Mtwo group.
There were no significant differences in the incidence of microcracks between all groups.
Rose et al. 35) 2015
In situ investigation experiment on mandibular first and second premolars of pig jaws
WaveOne, ProTaper rotary, and GT hand files produced no cracks.
Kfir et al. 36) 2016 38) 2014 Data was described as histogram. Full sequence rotary systems showed less cracks than single file systems.
Pop et al. 39) 2014 synchrotron radiation-based μCT (SRCT) analysis A significant increase in the number and length of microcracks was detected post-shaping. No significant difference between rotary and reciprocating instrumentation was observed.
De-Deus et al. 40) 2014 Micro-computed tomographic analysis
No causal relationship between dentinal microcrack formation and canal preparation procedures with Reciproc, WaveOne, and BioRaCe systems was observed.
estimates of the different intervention outcomes in each article was assessed using the I 2 statistics. The values were interpreted as follows: an I 2 statistic of <30% represented a mild difference, an I 2 statistic of 30-50% represented a moderate difference and an I 2 statistic of >50% represented a severe difference.
A fixed-effects model was used first in cases in which there were no variations among the studies (I 2 <30%). When significant heterogeneity (I 2 >50%) was observed, a random-effects model was utilized. If heterogeneity still existed, descriptive statistics were applied. The statistical significance level was set at p<0.05.
Because two different types of reciprocating singlefile instruments (Reciproc and WaveOne) were included, we divided the outcomes into 2 subgroups (ProTaper vs. WaveOne and ProTaper vs. Reciproc). The subgroup analysis was conducted to investigate the relevance of the two different types of reciprocating single-file instruments to the outcomes.
Publication bias was not evaluated by funnel plot due to the small number of included studies. Sensitivity analysis was used to explore the origin of the heterogeneity. Two investigators performed a metaanalysis using Review Manager 5.3. Forest plots were utilized to demonstrate the results of the studies.
RESULTS

Literature search
The initial search yielded 142 articles. After we removed the duplicates using Endnote X7, 101 articles remained. After reading the titles and abstracts, 20 studies that were closely related to our topic were selected. Of those studies, 12 were excluded after we examined the full text because they did not conform to the eligibility criteria of this review, as shown in Table  2 20,30-40) . Finally, the 8 studies that met the inclusion criteria were included [21] [22] [23] [24] [25] [26] [27] [28] . The process involved in the study selection is shown in Fig. 1 .
Study characteristics
In the included studies, the researchers developed comparable study groups by selecting the same type of teeth, similar root curvature and equal root canal length to ensure that the formation of dentinal cracks resulted from instrumentation, not root morphology. Two studies 23, 27) compared ProTaper and Reciproc. Five studies 22, [24] [25] [26] 28) compared ProTaper and WaveOne. One study included both of the two comparison groups 21) . These studies were published from 2013 to 2015. We did not find any suitable articles published before 2013, possibly because the WaveOne and Reciproc systems were first marketed in 2011. The main features and findings of the 8 studies selected for this meta-analysis are reported in Table 3 21-28) .
Quality assessment
The authors integrated the information and summarized the risk of bias associated with the included studies. A review of the authors' judgments about each risk of bias domain is provided in Fig. 2 . Furthermore, the risk of bias for each trial is presented in Fig. 3  22-28) .
Meta-analysis
All authors of the selected studies indicated that no defects were found in the control groups. However, data analysis of these 8 studies showed that the 3 root canal systems were all associated with dentinal crack formation. We created a subgroup analysis that was dependent upon the different types of reciprocating single-file instruments (Reciproc and WaveOne).
In the ProTaper vs. WaveOne group, 6 studies 21, 22, [24] [25] [26] 28) involving 720 teeth slices were included. Considerable heterogeneity was found 21, 23, 27) involving 270 teeth slices were included. Again, heterogeneity was considerable (p=0.01, I 2 =78%). We excluded each study separately from the meta-analysis and found that the study conducted by Bürklein S et al. in 2013 21) was the origin of the heterogeneity. We deleted this article and estimated the remaining studies. We found that they were homogeneous. In this way, 5 studies 22, [24] [25] [26] 28) were eligible to be in the ProTaper vs. WaveOne group. The results indicated that the WaveOne system produced fewer dentinal cracks, with a total RR of 1.74 (p=0.0005, I 2 =39%). In the ProTaper vs. Reciproc group, 2 6 Dent Mater J 2017; : - Fig. 3 Risk of bias summary. Review authors' judgments about each risk of bias item for each included study. Red, green, and yellow refer to high risk of bias, low risk of bias, and unclear risk of bias, respectively. studies 23, 27) were included. The results indicated that the Reciproc system produced fewer dentinal cracks, with a total RR of 2.36 (p=0.04, I 2 =0.0%). When combining the 2 subgroups, the total heterogeneity among the 7 studies was slight (p<0.00001, I 2 =17%). Furthermore, results remained the same (RR=1.81; 95% CI, 1.42-2.32), as shown in Fig. 4 22-28) .
DISCUSSION
In recent years, as a serious complication of root canal preparation, dentinal cracks formation has become an interesting topic of conversation. Researchers have found that multiple factors cause dentinal defects during root canal treatment, especially obturation methods and instrumentation techniques 11, 12) . Many studies have been conducted to explore the relationship between root canal preparation instruments and dentinal cracks formation.
In 2011, the WaveOne and Reciproc single-file systems were first marketed 41) . They were designed to accomplish complete preparation with a single, suitable instrument selected according to the width of the root canal. It was easy to learn how to use this type of root canal instrument. These systems decreased operating time, greatly increasing work efficiency. The results of studies have indicated that single-file systems are four times faster than conventional rotary systems for biomechanical preparation 13, 42) . During the past four years, these two single-file systems have been popular among dentists, as they seemed to be perfect inventions. However, it is still unclear whether single-file systems induce fewer dentinal cracks than traditional fullsequence rotary-file systems [21] [22] [23] [24] [25] [26] [27] [28] . Therefore, we 7 Dent Mater J 2017;
: -conducted this meta-analysis to compare the incidence of dentinal cracks during root canal shaping with reciprocating single-file instruments (Reciproc and WaveOne) and full-sequence rotary-file instruments (ProTaper Universal and Mtwo) to identify the more secure endodontic instrument with less dentinal defect generation.
We performed an exhaustive search of the relevant literature and developed strict inclusion criteria to compile studies that met the requirements. Ultimately, 7 studies with consistent experimental methodologies and available data were included in the quantitative analysis. The results demonstrated that the WaveOne and Reciproc systems provide more security against dentinal cracks formation than ProTaper, the traditional full-sequence rotary-file system. The authors of all of the studies provided meticulous descriptions of the experimental procedures. No apparent clinical or methodological heterogeneity was detected. Furthermore, the data analysis showed no statistically significant heterogeneity. According to the Cochrane Handbook for Systematic Reviews, conclusions of a meta-analysis are relatively valid and reliable when the included studies are high in homogeneity. Several factors were found to account for the result.
Firstly, reciprocating single-file systems have a reciprocating motion, which could help to avoid continuous rotational stress and the constant torque that is generated from traditional rotary-file systems on the inner surface of root canal walls. Reciprocating motion was found to be more centered in the canal 43) . Additionally, by repeating the counterclockwise and clockwise rotation, reciprocating motion enables the continuous release of the file when it is engaged in the inner surface of the root canal during the cutting and shaping procedure 44) . Furthermore, the clockwise motion disengages the blades of the instrument from the dentin wall 41, 45) . As a result, flexural and torsional stresses acting on the dentin are reduced, which could help to prevent the formation of dentinal defects.
ProTaper hand files and WaveOne instruments have an approximate incidence of dentinal cracks at each level (3, 6 and 9 mm) 26) . ProTaper hand files employ balanced force. The balanced force technique uses both clockwise and counterclockwise rotation, whereas rotary-files use continuous rotation. The similarity between the balanced force and reciprocating motion may be attributed to the similar motion between the two techniques with the variation in file rotation. However, ProTaper rotary-files, which continually rotate, add continuous rotational stress and constant torque to the dentinal wall 46) . One study showed that ProTaper rotary files had a 2.32-fold higher risk of generating dentinal cracks than ProTaper hand files 26) . In addition, ProTaper rotary files had a 2.4-fold higher risk of dentinal crack formation than WaveOne reciprocating files. Therefore, during the preparation of dentinal canals, in the interest of reducing the generation of dentinal defects, reciprocating motion has certain advantages over continuous rotation motion.
Secondly, WaveOne and Reciproc files are made of a special NiTi alloy called M-Wire created by an innovative thermal treatment process. M-Wire is a more flexible type of conventional NiTi from which ProTaper instruments are produced 30) . Although the ProTaper F2 has the same size as well as taper and almost the same geometric design as the WaveOne primary file 44) , WaveOne produced significantly fewer dentinal cracks than the F2 ProTaper single file, regardless of whether the single ProTaper F2 was used in a reciprocating or rotary motion 30) . This reduction in dentinal defects of WaveOne and Reciproc might be owing to their increased flexibility, which induces less stress on the root canal walls during instrumentation 47) . Similarly, Kim et al. suggested that stiffer file designs generate higher stress during the shaping of the root canal, which raises the risk of dentinal defects that may lead to apical root cracking 48) . Thirdly, the diameter of the file might also play a role in dentinal cracks formation. Wilcox et al. stated that the more root dentin that is removed, the higher risk of dentinal microcracks 49) . The 2 reciprocating single-file systems (WaveOne and Reciproc) are made of the same alloy (M-wire), but they have different cross-sections (S-shape and concave triangular shape for Reciproc and WaveOne, respectively). According to Kim et al. 50) , WaveOne has a similar cross-sectional area (approximately 323,000 μm 2 ) to ProTaper F2 (approximately 318,000 μm 2 ). However, the Reciproc R25 instrument has a smaller area of approximately 275,000 μm 2 . Files with larger diameters in the upper portion contact larger areas of the root canal wall, remove more dentin, and generate more pressure on the root canal wall [51] [52] [53] . A recent study demonstrated that root canal preparation with large files was associated with the spread of existing dentinal defects and the development of cracks 54) . Some studies relating to dentinal cracks formation during root canal enlargement with rotary files (multifile systems) and reciprocating files (single-file systems) were rejected for our meta-analysis, as they did not meet the inclusion criteria. However, we also completed a basic review of these studies 20, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . We found that most of the results [30] [31] [32] [33] 36) were aligned with the results of our meta-analysis. For example, Liu et al. found a significant difference in dentinal cracks formation between rotary files (multi-file systems) and reciprocating files (singlefile systems). Their results indicated that dentinal cracks were detected in 50 and 5% of teeth after root canal instrumentation with the ProTaper and Reciproc files, respectively 32) . In a recent study, Jalali et al. also reported findings that were consistent with those of this meta-analysis. They reported that Mtwo and ProTaper cause significantly more dentinal cracks than Reciproc 33) . Furthermore, no significant difference was detected between Reciproc and the unprepared group. The results of an in situ experiment on lower incisors from adult human cadaver skulls indicated no significant differences between experimental groups 34) . The other in situ experiment on mandibular first 8 Dent Mater J 2017; : -and second premolars of pig jaws showed no dentinal cracks 35) . Nevertheless, the influence of cadaver preservation chemicals on the response of cadaver teeth to instrumentation is unknown 35) . Moreover, there are differences between human and pig teeth.
As far as we know, this is the first meta-analysis that compares the generation of dentinal cracks following the use of reciprocating single-file and full-sequence rotaryfile systems. Most of the included articles detailed well-designed laboratory studies. We comprehensively summarized eligible studies of similar types. Therefore, the results of this meta-analysis are reliable and can provide certain guidance for clinical dentists.
Clearly, some limitations should be acknowledged. First, articles written in other languages (e.g., German, Japanese) were unobtainable. To improve the meta-analysis, researchers from different language backgrounds should corroborate our results. Second, although we did our best to conduct comprehensive research, no eligible comparison group was included for Mtwo. Additional comparable and comprehensive trials with large samples to include a comparison of Mtwo and a reciprocating single-file system (WaveOne or Reciproc) are expected to confirm the results of our meta-analysis.
CONCLUSION
In conclusion, the WaveOne and Reciproc files in a reciprocating motion resulted in significantly less dentinal cracks compared with the rotational conventional ProTaper technique.
